
SECURITY INFORMATION
mnu

RESEARCHMEMORANDUM-

FREE-JET INVESTIGATION or 20-wcH ww-nm comusToR

UTILIZINGHIGH-HEAT-RELEASE PILOT BURNER

By 3ames G.Henzel,Jr.,andCarlB.Wentiorth

LewisFlightPropulsionLaboratory
Cleveland,Ohio

(.l?:~~ti~~tjofl~an~J~!#Of:;d:m~~to...L*.4.%S5..E.;SA””)

c.+,;’.’~i!!~;~~fi ~~>&~~~”ii$Dv~~?i?;gEF*’ ): .’” - :.

~)s’u— t!6
r.:;,,. ......................................................

:rio
poc

....................................................
‘“--.jR~~E””oF~~ti&’“i.jiliiiiG”cHANGE)

,-423..E4..,A1A1... .........
DATE

cL!MsmBIlCQCUM%NT
wmtalmluforfdlonaf?act!nsUnNaUOMIDefmsO0!b UnitsdStatenwitbmtbDm08nhx

of’% =W lam, TIM ls, U.S.C.,Sacs.TSSad KM,t!Mtrammlask=norMVGIMOUofwhichinmy
mannertoanumutborimdpwon b pmhtbltedbylaw.

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
October16,1953

RECEIPT S%NATU~~Q~\t@

E—.—

s



NACARM E53H14

N~IOTWLADVISORYCOWTTEE FOR

RESEARCHMEMORANDUM

AERONASJTICS

FREE-JETINVIWI’IGAYIONOF 20-INCHRAM-JE17COMBUSTORUTIIJZING

HIGH-KEA!I!-RELEASEPILOTBURNER

By JamesG.Henzel,Jr.and

SWMARY

An investigationoftheperformance

CarlB.Wentworth

ofa 20-inch-diameterram-jet—
engineutilizinga high-heat-;eleasepilotburnerwasconductedat zero
angleofattackina free-jettestfacilityat a Machnunberof 3.0. Two
flare-holderconfigurationswereutilizedinconjunctionwiththebigh-
heat-releasepilotburnerovera rangeof simulatedaltitudesfrom
61,700to 74,400feet.

Thetwoconfigurations- oneincorporatinga flameholdercomposed
ofannularV-guttersandtheotherincorporatinga flameholdercomposed
of slopingradialgutters- gaveconibustorefficienciesof0.84and0.89,
respectively,ata fuel-airratioof 0.02andabout1100poundspersquare
footcotiustorpressure.

Thehigh-heat-releasepilotburnerconfigurationwiththesloping-
gutterflameholderhadaboutthesameminimumspecificfuelconsumption
(2.2)asa typicalsmallpilotburnerconfigurationofthesameover-
allenginelength.Thus,fortheseparticularconfigurationsit is
doubtfulthattheadditionalcomplicationintroducedby thehigh-heat-
releasepilotburner

Ram-jetengines

canbe justified.

INTRODUCTION

usedforsomelong-rangemissileflightplans,as
outlinedinreference1,requireconibustorscapableof operatingeffi-
cientlyovera tiderangeoffuel-airratiosandpressures.Thecruise
portionoftheseflightplansrequiresefficientoperationatfuel-air
rattosapproximatelyintherange0.02to 0.035.Highcombus-
torefficiencyat cruiseconditionsismandatorybecause,to a first-
orderapproximation,therangeofa miss~leisproportionalto thecom-
bustorefficiency.Becauseof theneedforhighconibustorefficiencyat. cruiseconditions,theinvestigationreportedhereinwasdirectedpri-
marilytowardtheattainmentofhighconibustorefficiencyat a fuel-air
ratioofabout0.02withoutcompromisingtheefficiencyat thehigherw fuel-airratios.Thefuel-airratioof0.02wasselectedbecauseitis
intherangeof interestforcruiseoperationat a flightMachnuniber
of3.0.
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Inan efforttoincreasetheconibustorefficiencytohighervalues
thanwereobtainableinreference1 (0.78atfuel-airratioof0.02),
twoflame-holderconfigurationswereinvestigatedwhichretainedthe
localenrichmentfeaturesofreference1;andsinceinformationcontained
inreference2 indicatedthatincreasedheatreleasefromthepilot
burnermighthavebeneficialeffectsonco?ibustionefficiency,thesecon-
figurationsalsoincorporatedhigh-heat-releasecentralpilotburners.
Forthisinvestigation,thepilotburnerwasdesignedto captureapprox-
imately12percentoftheengineairflow;hence,it iscalleda “l2-
percentpilotburner.”

.

Into
om

Thedatapresentedinthisreportwereobtainedby operatingthe
20-inch-diameterram-jetengineofreference1 at zeroangleofattack
ina free-jettestfacility.ThenominalMachnuniberofthejetwas
3.0andtherangeofaltitudessimulatedinthejetwas61,700to
74,400feet.Theenginecotiustorwasoperatedfroma fuel-airratioof
about0.006toa fuel-airratioofabout0.08.Fortheseconditions,
conibustion-chaniber-exittotalpressuresof 740to2340poundspersquare
footabsolutewereobtained.Theinlettotaltemperaturewasheldcon-
stantat ll~” R, whichisthestandardtotaltemperaturefora flight
Machnuniberof3.0abovethetropopause.

APPARA!rus

TestFacility

Thersm-jetenginewasmountedina free-jetfacilitywhichis .
shownschematicallyinfigure1. Airenteredthefacilitythrougha
combustion-typepreheater.Thehotexhaustgasesofthepreheatercon- -
taminatedtheairtoa fuel-airratioof0.009orless.Theairthen 9
passedintoa surgetankandwasexpandedthrougha convergent-divergent
nozzletoa Machnuniberof3.0. Theenginediffuserinletwassubmerged
intheMachnuniber3.0jetandtheexcessairspilledaroundtheengine
inletthroughthejetdiffuser.Theengineexhaustpassedintoa sep-
aratechamberwhichcouldbe throttledforenginestarts.A complete
descriptionofthefree-jettestfacilityanditsoperationis given in __
referenceS.

A schematicsketchofthe

Engine

20-i.nch-diameterram-jetengineisshown
infigure2. Theinletdiffuserwasofthedouble-coneannulart~e
whichutilizestwoobliqueshocksandonenormalshock.Thesubsonic
diffuserportionwasdividedintothreechannelsby theinnerbodysup-
ports,whichextendeddownstreamtotheendoftheinnerbody. The
conibustionchaniber,whichwaswater-jacketed,hadan insidediameterof
20 inches.Forthemajorportionoftheinvestigation,theenginewas

.
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. equippedwitha contouredwater-jacketedconvergentexhaustnozzlehaving
a mininumareaequalto 55percentoftheconibustion-chsaiberarea.A
45-percentnozzlewasusedtopermitthedeterminationoftheperformance

r ofthepilotburneralone.Thepilotburnerwasignitedbymeansof a
propane-airigniter.Thefuelusedinthepreheater,ram-jetengine,
andpilotburnerwasMIL-F-5624A,gradeJ&4.

Conibustion-ChaniberConfigurations5
: Twoconfigurationswereinvestigatedintheevaluationofthehigh-

heat-releasepilotburneras appliedto the20-inchram-jetengine.The
pertinentfeaturesof eachconfigurationaresumnarizedinthefollowing
table,andeachisdescribedinthesucceedingparagraphs:

L

:onfig-PercentFlame EffectivePilot- Inner- Outer-
urationpilot holder cotiustion-burner zone zone

burner chsmiber fuel- fuel- fuel-
length,in.injection injectioninjection

system system system

1 12 Annular 54.5 RingwithSeefig.4 16 spray
v-gutter sixteen barstith

0.021- two
inch o.040-
holes inch

holes
each

2 12 sloping 54*5 Ringwith16spray 16spray
gutter sixteen barswith barswith

o.021- fol.lr two
inch o.021- 0.040-
holes inch inch

holes holes
each each

Configuration1. - DetailsofthepilotedannularV-guttercombustor
areshowninfigure3.

Pilot-burnersystem:Thepilotburnerconsistedof a nmdifiedturbo-
jetburnerliner2% incheslongand8 inchesin diameter.Theupstream.
endoftheburnerliner,whichcontainedprimary-airlouvers,wasremoved
sothattheburnerlinercouldbe mountedon thedownstreamendofthe

* centerlcdy. Thefuel-airmixtureenteredthepilotburnerthrough
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eightequallyspacedlongitudinalrowsof3/4-inchdiameterholesanda .
seriesoflouversontheburnersurface.Thecross-sectionalareaof
thecombustionzonevariedfromapproximately0.282squarefootat the
planeofthefirstcircumferentialrowofairholesto0.328squarefoot #
at theplaneofthefinalcircumferentialrowofholes.A pilotfuel-
mixingcontrolsleevewasInstalledwhichconsistedofa truncatedconethat
changedindiameterfrom10.8inchesattheupstreamendto 8.1inches
at theplaneoftheleadingedgeoftheflame-holdergutters.Thepilot
burnerfuelwassprayedinwardfroma ringmountedf~ushwiththeleading
edgeofthepilot-burnersleeve.Thefuelwasconfinedwithinthe
sleeve,thuspermittingseparatecontrolofthefuel-airmixturewithin
thepilotburner.

Main-streamfuel-injectionsystem:Configuration1 hadseparate
outer-andinner-zonefuel-injectionsystemsas showninfigure3.
Eachzoneusedspraybarsforfuelinjection.Theouter-zonefuel-
spraybarswerelocated17.3inchesupstresmoftheflameholder.The
inner-zonefuel-spraybarswerelocated19.4inchesupstreamofthe
flameholder.Theouter-zonefuel-spraybarshada singlepairofholes
spraytngcircumferentially.Theholeswerelocatedapproximatelymid-
waybetweenthemain-streamfuel-mixingcontrolsleeveandtheouter
combustorwall. Fourdifferentinner-zonefuel-spray-barholedistribu-
tionswereinvestigatedinanattemptto optimizethefuel-distribution
systemata fuel-airratioof0.02.Thedetailsofeachsystem=e
giveninthefollowingtableandareshowninfigure4.

Fuel- Number Numberof
i

Sizeof Direction
distributionof innerholesper holesin offuel
system manifold inner innermani- sprays

spraybars manifoldfoldspray
spraybar bar,in.

a 16 2 0.0292 Circumferential

b 32 2 .0292 Circumferential

c 32 2 .0310 @stream

d 16 4 .0210 Circumferential

.

Y

FLaneholder:Theflameholderforconfiguration1 (fig.3) con- ..
sistedof nineradialandtwoannular V-gutters.Threelargeradial
guttersextendedfromthepilot-burnerdischergeandwere2.2inches
wideat theopenend. ThetwoannularV-gutters-were1.3incheswide

●

attheopenendandhadradiiof6.1and8.9inches.Sixsmallradial
gutters1.3incheswideextendedfromthepilot-burnerdischargetothe *

MJlk!QQzEwi&
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innerannularV-gutter.Thetotalflame-holderblockageincludingthe
pilotburnerwas60percentofthecombustion-chambercross-sectional
area.

Fuel-mixingcontrolsleeve:Themain-streamfuel-mixingcontrol
sleeve(fig.3) consistedofa truncatedconethatchangedindiameter
from13 inchesat theupstreamedgeto12.2inchesattheplaneofthe
leadingedgeoftheannularflame-holdergutters.Themain-stream
fuel-mixingcontrolsleevewasdesignedto captureapproximately28per-
centoftheengineair-flowandto confineallthefuelinjectedby the
inner-zonefuel-spraybarsbetweenthepilot-burnerfuel-mixingcontrol
sleeveandthemain-streamfuel-mixingcontrolsleeve.

Configuration2. - Detailsofthepilotedsloping
combustorareshowninfigure5.

Pilot-burnersystem:Thepilot-burnersystemfor
wasidenticalto thatutilizedforconfiguration1.

Main-streamfuel-injectionsystem:Configuration

radialgutter

configuration2

2 alsohadsepa-
rateouter-andinner-zonefuel-injectionsystems.Theouter-zonefuel-
injectionsystemforconfiguration2 wasidenticalto thatusedforcon-
figuration1. Theinner-zonefuel-injectionsystemforconfiguration2
wasidenticalto fuel-distributionsystemd usedforconfiguration1.

Flameholder:Thesloping-gutterflameholder,showninthesketch-
offigure5 andphotographedinfigure6,replacedtheannularV-gutter
flameholderofconfiguration1. Thisflameholderconsistedoftwo. setsofchannel-shapedslopingradialguttersinterconnectedby a conical
sleevesection.Theinnersetconsistedofsixequallyspacedgutters
inclinedat a 300angleto thecombustoraxis.Eachgutteroftheinner“

~ incheslongandabout3 incheswideat theopenend. The‘et-s 316
outersetconsistedof12 equallyspacedguttersinclinedata 30°angle

to thecombustoraxis. Eachgutteroftheoutersetwas~ incheslong

andaboutl; incheswide

Fuel-mixingcontrol
sleeveforconfiguration
uration1.

attheopenend.

sleeve:Themain-streamfuel-mixingcontrol
2 (fig.5}wassimilarto thatusedforconfig-

Instrmentation
.

Thelocationsoftemperaturesadpressure
variousstationsareshowninfigures1 and2.

?

instrumentationat the
Theinlettotalpressure
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andtemperatureweremeasuredinthesurgetankupstreamofthesuper-
*

sonicnozzle(fig.1)andwereusedinestablishingthesimulatedengine
flightconditions.A surveyoftotalandstaticpressureswasmadeat
thedownstreamendofthesubsonicdiffuser(fig.2),andtheresults

e

wereusedincalculatingburnertotal-pressureratioandcombustion-
chsmber-inletMachnumber.Forsmneruns,anadditic?nalsurveyoftotal
andstaticpressureswasmadejustdownstreamofthehigh-heat-release
pilotburnersothattheairflowthroughthepilotburnercouldbe
computedforcold-flaw(nonburning)conditions.

$
An NACAmixtureanalyzersimilarto thatdescribedinreference4

..
z

measuredthepilot-burner-dischargefuel-airratiowhichwasusedto
determinetheairflowthroughthepilotburnerunderburningconditions.

A water-cooledrake(fig.2}locatedjustypstreamoftheengine
exhaustnozzlemeasuredthetotalpressureinthecombustionchamberfor
useinair-flowandcombustor-efficiencycalculations.Fuelflowsto
boththecombustion-typepreheaterandtheengineweremeasuredbymeans
ofcalibratedrotameters.Theairflowto thepreheaterwasmeasured
withanA.S.M.E.typeflat-plateorifice.

PROCEDURE .—

SimulatedTlightConditions

A Machnumberofapproxtiately3.0wasobtainedaheadoftheengine
by meansofa convergent-divergentnozzle(ref.3). Thetotaltemper- .

atureoftheairenteringthesurgetankwasraisedto1100°R by means
ofthecombustion-typepreheaterto simulatethestandardtotaltemper-
aturefora flightMachnumberof3.0at altitudesabovethetropopause.

M

Thetotalpressureinthesurgetankwasvariedtoprovidea rangeof
engineairflowsfrom10.27to5.60poundsqersecondpersquarefoot
ofcombustion-chambercross-sectionalsxeajcorrespondingto shulated
altitudesinthejetfrom61,700to 74,400feet,respectively.The
engine,however,by virtueof itsinletandexitgeometry,operated
supercriticallyforallfuel-airratios.Thecombustion-chsmberpres--
suresarethereforesomewhatlowerforthesimulatedaltitudesofthis
investigationthanareobtainablewitha bettermatchingoftheinlet
smdexitgeometry.Theperformanceofthetwoconfigurationsinvesti- —
gatedisthereforepresentedbothintermsofengineairflow ersquare

7footofcombustion-chambercross-sectionalarea(unitairflow andjn
termsofcorrespondingsimulatedaltitudesinthejet.

.

MethodofEngineOperation

Determinationofpilot-burnerperformance.- A 45-percentexhaust
nozzlewasinstalledontheenginetopermitthedeterminationofthe
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performanceof
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thepilotburneraloneat a combustion-chamber-inlet
Machnumbercorrespondingto combustoroperationatan over-allfuel-
airratioof0.02witha 55-percentexhaustnozzle.Supersonic
flowwasestablishedinthefree-jetnozzleandthenthethrottling
valve(fig.1]waspartlyclosedtoraisethepressurelevelandreduce
thevelocitiesintheenginesufficientlytopermitignitionofthe
pilotburner.Whenburninghadbeenestablished,thethrottlingvalve
wasopenedandtheengineexhaustnozzlewaschoked.Thepilot-burner
fuelflowwasthenvariedto coverthersmgeoffuel-airratiosfrom
leantorichblow-out.Severalrunsweremadeto determinetheair
flowthroughthepilotburnerforburningandnonburningconditions.
Underburningconditions,theairflowthroughthepilotburnerwas
determinedby meansofanNACAmixtureanalyzerandfuel-flowmeasure-
ments.Undernonburningconditions,theairflowthroughthepilot
burnerwasdeterminedwithpilot-burner-dischargeinstrumentation
fora rangeof combustion-chamber-inletMachnumbersobtained
by varyingthepositionofthethrottlingvalvedownstreamoftheengine
exhaustnozzle.

Determinationofcompletecombustorperformance.- Aftertheper-
formanceofthepilotburneralonehadbeenestablished,theperform-
anceofthepilotburnerandthemain-streamcombustorwasdetermined
witha 55-percentexhaustnozzle.Theignitionprocedurewasthesame
asbeforeexceptthatinadditionto thepilotburner,theinnerzone
wasalsoiqitedanda fuel-airratioofabout0.02established.While
theengineover-all.fuel-airratiowasheldat 0.02,thefuelflowto
thepilotwasvariedtodeterminethedivisionoffuelflowbetween
thepilotburnerandinner-zonefuelsystemsgivingpeakcombustoreffi-
ciency.Thepilotfuelflowwasthenheldconstantat theoptimumvalue
as thefuelflowto theinnerzonewasvariedto covertherangeof
fuel-airratiosup tothepumpingcapacityoftheinner-zonefuelsys-
tem● Aftertheinner-zoneperformancehadbeendetermined,theinner-
zoneandpilot-burnerfuelflowswereheldattheiroptimumvalue(peak
combustorefficiency)by holdingthepilot-burnerandinner-zonefuel
manifoldpressuresconstant.Thefuelflowto theouterzonewasthen
initiatedandvariedto obtainengineperformanceatthehighfuel-air
ratios.

CALCULATIONS

Theenginefuel-airratiowa$calculatedas theratioofengine
fuelflowto theunburnedairflowenteringtheengine.Thecombustor
efficiencywastakenas th’eratioof idealtoactualfuel-airratio,. wheretheidealfuel-airratiowasthatnecesssryto obtain,withan
idealcombustionprocess,thetotalpressuremeasuredat theexitof
theenginecombustionchamberfortheah?flowunderconsideration.*
Thespecificfuelconsumptionwascalculatedas theratiooftheengine
fuelflowinyoundsperhourto thenetintern-thrust.
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Tnesymbolsused‘inthisreportarelistedinappendixA. The
methodsusedtocalculateengineairflow,fuel-airratio,combustor
efficiency,combustion-chamber-inletMachnumber,pilot-burnerairflow
undernonburningad burningconditions,andspecificfuelconsumption
sreoutlinedinappendixB.

RESULTSANDDISCUSSION

PerformanceofHigh-Heat-ReleasePilotBurner

Thepilot-burnercombustorefficiencywapdeterminedforconfigu-
ration1 at combustor-inletMachnumbersofabout0.2andcombustor-
outlettotalpressuresofabout1500poundspersquarefoot.

Thepflot-?mrnercombustorefficiencyIspresentedinfigure7
asa functtonofbothover-allenginefuel-airratio(basedontotal
engineairflow)andlocalfuel-airratioInthepflotburner(based
onpilot-burnerairflow).Comhustorefficiency,notcombustion
efficiency,ispresentedhereandthroughoutthereport;thedetails
ofthecalculationareoutlinedh appendixB. A peakpilot-burner
combustorefficiencyof.0.93occurredatan over-allfuel-airratio
of 0.0054.Thepilotburnerhadan operablerangeof over-allfue”l-
airratiosfromabout0.0037toabout0.0081.

Figure8 presentsthefractionofengineairflowpassingthrough
thepilotburnerasa functionofcombustion-chamber-inletMachnumber
forburningandnonburningconditions.At a combustion-chamber-inlet
Machnumberof0.055,thepilot-burnerair-flow- engineair-flowratio
was0.12andincreasedgraduallyto0.14ata combustion-chamberinlet
Machnumberof0.295.Theagreementoftheburningandnonburning
measurementsindicatesthattheamountofairpassingthroughthepilot
burnerwasnotsignificantlyalteredby variationsofcombustion-chamber-
inletMachnumberorby combustioninthemaincombustorandinthe
pilotburner.

Thepilot-burnercombustorefficiencyandthepilot-burnercapture
airflow~ereconsideredsatisfactorysin& thecom~ination
thedesignobjective.

PerformanceofCombustion-ChamberConfigurations

satisfied

Configuration1. - Thevariationofcombustorefficiencywithfuel-
airratioforconfiguration1 withfourdifferentinner-zonefuel-
injectionsystemsisshowninfigure9. Dataareshownforfuelinjec-
tioninonlytheinnerzoneandfora unitairflowof6.88.As canbe

—.

.

.

““

.

.
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seeninfigure9,fuel-distributionsystemd
0.84at a fuel-airratioof,O.02andbecause

9

hada peakefficiencyof
ithadthehighestcombustor

efficiencyata fuel-airratioof0.02,theregionofprimaryinterest,
itwasretainedforsubsequentruns.

Theperformanceofconfiguration1 ispresentedinfigure10 for
unitairflows-of5.63,6.94,and10.27.Combustorefficiencyisplotted
againstfuel-airratioinfigure10(a].Theminimumfuel-airratio
operatingpointforeachairflowwasobtainedwiththepilotburner
operatingalone.Theinnerzonewasoperatedfroma fuel-airratioof
about0.006to thepumpinglimitoftheinner-zonefuelsystem.As the
inner-zonefuelflowincreased,theconibustorefficiencyfirstdecreased
andthenincreaseduntilmaximumvalueswerereachedat a fuel-airratio
ofabout0.02.Furtherincreasesininner-zonefuelflowresultedin
moderatedecreasesh efficiencyforallthreeairflows.At a fuel-
atiratioofO.0~,combustorefficiencyincreasedfrom0.80to 0.86as
theunitairflowwasincreasedfrom5.63to10.27.

Thechemgeinthecombustcrefficiencyforinitialincrementsof
outer-zonefuelflowwas’stiilsrto thatobtainedforinitialincr=ents
of imer-zonefuelflowandistypifiedby thedottedportionofthe
curveshowninfigure10(a)fora unitairflowof5.63.Forotherair

(u flows,thecorrespondingdottedportionsofthecurvesareomittedfor
A clarity. Thepeakcombustorefficiencywithbothzonesoperatingwas
5 about0.89forthethreeunitairflowsinvestigatedsmd

fuel-airratioofabout0.06.

. Theburnertotal-pressureratioforconfiguration1
figure10(b)forvariousfuel-airratios.At a fuel-ah
thetotal-pressureratioisabout0.87.

“

occurredat a

ispresentedin
ratioof0.02,

Environmental.conditionsassociatedwiththecombustorsreshown
infigures1O(C)sad10(d),wherethevariation,respectively,ofcom-
bustion-chamber-outlettotalpressuresadcombustion-chamber-inlet
Machnumberwithfuel-airratioaregiven.As previouslynotedinfig-
ure10(a)2thecombustorefficiencyincreasedfrom0.80to 0.86at a
fuel-airratioof 0.02as theunitairflowwasincreased.Thisticrease
incombustorefficiencywaspresumablycausedby theincreaseincombustor
pressurefromabout900to 1700poundspersquarefootabsoluteas canbe
seeninfigure10(c).

Configuration.2.- Reference5 indicatedthatgoodperformance
characteristicswereobtainedat atmosphericpressureina ram-jet
combustorwitha flameholderutilizingsloping-channelgutters.This

. goodperformancewasbelievedtobeprimarilydueto fuel-airmixing
controlinthecombustionzoneinadditiontoprereactionzonecontrol
employedinthedesign.Combustionwasinitiatedinthewakeofthe

* upstreamsetofbafflesandwassubstantiallycompletedintheshielded
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thebaffles.At leanfuel-airratios,combustion .
primaryzoneanddilutionwithsecondaryairtook

placedownstreamoftheshieldedregion.Theuseofa slopingbaffle
andconic”alshieldedzoneprovidedanexpandingvolumefortheprimary
combustionregion.ja lowfluwvelocitywastherebymaintainedwhich
permittedcombustiontobe completedina“relativelyshortlength.The
performanceofa similsrflameholderinvestigatedwiththehigh-heat-
releasepilotburnerispresentedinfigure,11 forunitairflowsof
5.60and6.95.

At a fuel-airratioof0.02thecombustorefficiencyofconfigura-
tion2 (fig.n(a))wasfrom5 to 8 percentagepointshigherthanthat
obtainedwithconfiguration1. As theinner-zonefuel-airratio
decreasedfromthepointofmaximumefficiency,a veryrapiddecrease
inefficiencyoccurredforbothunitairflowsas contrastedwiththe
relativelyhighcombustorefficiencyobtainedwithconfiguration1 at
fuel-airratiosbelow0.02.No completelysatisfactoryexplanationhas
beenfoundforthedifferenceinefficiency.

As theinner-zonefuel-airratioincreasedbeyondthepointof
maximumefficiency,thecombustorefficiencydecreasedmoderatelyfor
bothunitairflows.Foroperationwithbothzones,thepeakcombustor
efficiencyof0.91,whichoccurredata fuel-airratioof0.046(leaner
thanforconfiguration1),Wasslightlyhigherthanthatforconfigura-
tion1.

At a fuel-atrratioof0.02,theburnertotal-pressureratiois2
to3 percentagepointshigherforconfiguration2 thanforconfigura-
tion1 (fig.Xl(b)).Environmentalconditionsassociatedwiththecom-
bustorareshowninfiguresU.(C)and~(d),wherethevariation,re-
spectively,of.combustion-chamber-outlettotalpressureandcombustion-
chamber-inletMachnumberwithfuel-airratioaregiven.

Operatingcharacteristics.- Thecombustorstabilityofconfigura-
tions1 and2 wasdependentuponpilot-burnerfuelflow;thatis,the
combustorsoperatedstablyandsmoothlywhenthepilotburneroperated
at a fuelflowwhichgavethehighestcombustionefficiencyat an over-
allfuel-airratioof0.02.Whensmalldeviationsfromthisfuelflow
weremade,thecombustorsoperatedroughlywithprematureblow-outs.
Thecombustorswouldnotoperatewithoutfuelflowto thepilotburner.

Whenconfiguration2 hadoperatedfor13.minut~satanam flow
whichgaveaboutatmosphericpressureinthe,combustor,a pilotburner
failureoccurredas showninfigure12. Similarfailuresmightoccur
withthiscombustorwhentheflightplanrequiredburningatlowalti-
tudes,aswouldbe thecaseiftheram.~etenginefurnishedthrustfor
accelerationandclimb.

.
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Comparisonofconfigurationsonbasisofspecificfuelconsumption.-
Therangeofa ran-jetengineis influencedbyboththeburnertotsl-
pressureratioandthecombustorefficiency.In orderto comparethe
cruiseperformanceofthetwoconfigurationsby meansofa singleparam-
eterwhichincludestheeffectsofbothfactors,figure13 ispresented
wherespecificfuelconsumptionisplottedagainstnetinternalthrust
perpoundofairflow. Twotypicalconfigurations,havingsmallpilots
andthesamediffuseras configurations1 and2,reportedinreference
1 arealsopresentedinthiscomparisonasrepresentativeofcurrent
ram-jetconibustors.Thecombustion-chsuiberlengthsandover-allengine
lengthsof eachconfigurationaregiveninfigure13. Curvesof COXIStA.IIt
fuel-air ratioarealsoshownforreference.Theminimumspecificfuel
consumptionforeachconfigurationoccurredata fuel-airratioofabout
0.02. Configuration2 hadthelowestspecificfuelconsumptionwith
2.19. Thiswas6 percentlowerthanforconfiguration1 and13percent
lowerthanforconfigurationA; it isthereforeseenthatforthese
configurationshavingapproximatelythesamecombustion-chamberlength,
thebestspecificfuelconsumptionwasobtainedwiththeslopingradial-
gutterflameholderandthehigh-heat-releasepilotburner.Configura-
tionB hada smalILpilotburnerbutthesaneover-allenginelengthas
thoseconfigurationsemployingthehigh-heat-releasepilotburner(con-
figurations1 and2]. ConfigurationB hada combustion-chamberlength
thatwaslongerby thedifferenceinlengthofthelargepilotburners
andhada specificfuelconsumptionof2.21. Thus,itappearsthatthe
increasedlengthrequire~to acconunodatethehigh-heat-releasepilot
burnerofconfiguration2 hadan equivalenteffecttienutilizedaspart
ofthecombustionchamberinconfigurationB. b viewofthis,it is
doubtfulthatthecomplicationintroducedby thehigh-heat-release
pilotburnercanbe Justified.However,tithadditionaldevelopment,it
maybe possibletorearrangethehigh-heat-releasepilotburnerconfig-
urationssothatevenbetterperformancecanbe realized;theadditional
complicationmaythenbe justified.

SUMMARYOFRESULTS

Thefollowingresultswereobtainedfroman investigationofthe
performanceoftwo20-inchrsm-jetenginecombustorsutilizinga high-
heat-releasepilotburnerwhichcapturedabout12percentofthecombustor
airflow.A configurationemployinga flameholdercomposedoftwo
annularV-guttersandthreelargeradialguttershada peakccnnbustor
efficiencyof0.84at a fuel-airratioof0.02andapproximately~00
poundspersquarefootcombustorpressure.

.
At identicalcombustorconditions,a configurationemployinga

flameholdercomposedofslopingradialguttersemanatingfromthepilot
● burnerhada peakconibustorefficiencyof0.89.Thehigh-heat-release
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pilotburnerconfigurationwitha sloping-radial-gutterflameholderhad
abouttheseineminimumspecificfuelconsumption(2.2)as a typicalsmall
pilotburnerconfigurationhavinganannularV-gutterflameholderand
thesameover-allenginelength.Thus,fortheseparticularconfigurat-
ions, it isdoubtfulthattheadditionalcomplicationintroducedhy
thehigh-heat-releasepilotburnermn be justified.

LewisFlightPropulsionLaboratory
NationalAdviscmyCcuomitteeforAeronautics

Cleveland,Ohio,August18,1953

.

●
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APPENDHA

SYMBOLS

ThefolJowingsymbolsareusedinthisreyort:

area, sq ft

localspeedofsound,ft/sec

fractionofsupersonicjetflowenteringengtieinlet

dischargecoefficientofexhaustnozzle

nozzlevelocitycoefficient

netinternalthrust,lb

enginefuel-airratio

idealfuel-airratio

fuel-airratioofpreheater

stoichiometricfuel-airratio

accelerationdueto gravity,32.2ft/sec2

Machnumber

totalpressure,lb/sqftabs

staticpressure,lb/sqf% abs

gasconstant,(ft)(lb)/(lb)(%)

totaltemperature,%

statictemperature,OR

lb offuelspecificfuelconsumption,
(hr)(lb

velocity,ft~sec

engine-inletairflow,(containing
combustion),lb/see

netinternalthrust)

preheaterproductsof
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Wa

‘f,e

wfjP

Wf,p

Wp

Wu

W/A4

T

T

P

airflowtopreheater,lb/see

NACARM E53KL4

m–

..

fuelflowto engine(includingpilotfgelflow),lb/see

fuel flowtopilot,lb/see

fuelflowtopreheater,lb/see

airflowthroughpilotburner,lb/see

unburnedairflowenteringengine,lb/see

engineunitairflow,lb/seepersqft combustionchamber
crosssectionalarea

ratioofspecificheats

combustorefficiency

density,lb~cuft

Subscripts:

o freestream

2 subsonic-diffuserexit ..

21 conditionsat station2 adjustedto combustion-chsmberarea

~tl pilot-burnerdischarge

4 exhaust-nozzleinlet

5 exhaust-nozzleminimumarea

6 stationdownstreamofexhaust-nozzleexit

c cold(i.e.,enginenotburning)

h hot (i.e.,engineburning)

*

——

.—

.

“
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APPENDIXB

METHODSOFCALCULATION

Engineinlet-airflow.- Theengineexhaustnozzleservedas a
convenientmeteringorificefordeterminingtherateofflowofah
throughtheenginefornonburningconditions.hasmuchasthediffuser
wasoperatingsupercriticallyat alltimes,theinletairflow,ata
giveninlettotalpressure,wasthesameforburningandnonburning
conditions.Theengineairfluwwascalculatedfromthemassflow
equation

Thiswasexpressedas

(1)

(2)

where ‘5,C and ‘5,C wereassumedequalto ‘4,C and To,respec-
tively.Theexhaustnozzlewaschoked.Theexhaust-nozzledischarge
coefficientCd,c wasassumedtobe 0.985.Leakagethroughtheengine
flangeswasassumedtobe negligible.

Enginefuel-airratio.- Theenginefuel-airratiowasdefinedas
theratiooftheenginefuelflowto theunburnedairpassingthrough
theengineinlet.Leavingthepreheaterwasa gaswhichhada fuel-
airratioof

‘f,p
(f/a)p= ~a (3)

where W
?

isthepreheaterairflowmeasuredby theA.S.M.E.flat-
plateorfice. Itwasfoundthatthepreheatercombustionefficiency
wasnearly100percent.TheratioB oftheengine-inletairflowto
thesupersonicnozzleflowwasconstantforallinletpressures.The
unburnedairenteringtheenginewasthen

[1(f/a)Wu =BWal-
-+-(fa)s

(4)
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Thisisdifferentfrom W, whichincludespreheaterproductsof combus- .
tion. Theenginefuel-airratiowasthen

f[a= ‘f,e

[1(f/a)p‘wa l-~

(5)

Becauseitwasmore
than B Wa,usewas

w

Rearranginggives

convenienttomeasuretheengine-inletairflow W
madeofthefollowingrelation: M

= ‘(wa‘Wf)p)= B ‘a~ + ‘f’a)i

%
(6)

B‘a=F‘;f’a)d
Substitutionofequation(7)inequation(5)gives

P v

Cc.mbustorefficiency.-
as

I’-F’7XI

(7)

(8)

-J

efficiency~ wasdefined

(9)

where f/a isgivenby equation(8)and (f/a)’istheidealfuel-
airratiowhichwouldhaveproducedthesameburnerpressureP4 as
wasmeasuredfortheburningconditionsunderconsideration.Thus,the
efficiencywasrelatedonlytoburnerpressure,obviatingthedirect
measurementofthehighcombustion-chemhertemperatures.

Thedeterminationof (f/a)‘ wasimplementedinthefollowingway.
Becausetheengine-inletdiffuseroperatedsupercriticallyat alltimes,
theenteringairflowat a givenaltitudewasthesameforthenonburning
andburningconditionsandcouldbe

w=Ps)ccd,c%vqc

expressedas

p5,hCd#@5,h
=

‘f e1+*
(lo)

.=
.

❑
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. By useoftheequationof state,convertingstatic
atureto totalvaluesamdvelocitytoMachnumber,

17

pressureendtemper-
andrearranging

.

~
CN
u-l

equation(10),thefollowing~ressfonsmaybe written
—

yh+l

,5h=wf’fl~~ Rh’5hl+’h:%j)m (~)
) ~-(cd,~%,h ‘hg 2

and

yc+l

~-(‘CT5,C~ +Tc-l

)

2(?-C-l)
P w
5,C= cd,c%M5,c ~ %,.2

(12)
Ycg

By djvidingequation(11)by equation(12),,assumingthat

P5,C= P*,C (13)

‘5,h= ‘4,h (14)

T5,c= T4,C= TO (15)

‘5,h= ‘4,h (16)

cd,h= Cd,c (17)

andnotingthat

%,c = %,h = 1

thefollowingequationisobtained:

(18)

.
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P

C(
4,h= ‘4-221+

P4,C ‘o )‘fw, e

.

.

(19)

Thepressureratio P4,h/p4,~ wasthenevaluatedforvariousideal
fuel-airratiosby usingtheoreticalcombustioncharts,whichincluded
theeffectsofdissociation,to find T4h. Thesedatawerethenplotted
as (f/a)‘ againstP4,h/P4,c.By refe&ingtothisplot,thetheoret-
icalfuel-airratio (f/a)’couldbe obtainedforeachvalueof
p4,h/p4,cmeasuredintheenginecombustionchsmber.

Thecombustorefficiencyasdefinedhereinisnota chemicalcom-
bustionefficiencysuchasa heat-balanceorenthalpy-risemethodwould
indicate.Thecombustorefficiencybasedontotal-pressuremeasurement
is,however,morerepresentativeofover-allengineperformance,in
viewofthefactthatitindicateshoweffectivelythefuelisbeing

.-

usedtoprovidethrustpotentialratherthanhowcompletelythefuelis
beingburned. —..

.
Combustion-chamber-inletMachnumber.- me combustion-c~ber-

inletMachnumberwascalculatedby usingtheengine-inletairflow W,
thestaticpressuremeasuredintheengineinletdiffuserp , theam- b
bienttotaltemperature 6To,andthemaximumareaofthecomustion
chamber(314.2sq in.).

Pilot-burnerairflow.- Theairflowthroughthepilotburnerfor
nonburningconditionswascalculatedfromthemass-flowequation.(Tine
pilot-burnerdischarge

Thiswasexpressedas

coefficientwasassumedtobe 1.0.)

W211= Q21?A21,V2,1 (20)

.

“
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.

.

.

where T2~ wasassumedequalto To.

(21)

Theairflowthroughthepilotburnerforburningconditions
wasdeterminedas follows:A fuel-airratiosurveywasmadeby
mearmof an NACAMixtureAnalyzer(ref.4)at thepilot-burnerdis-
charge.Thepilot-burnerfuelflowwasmeasuredby a calibrated
rotameterjsothepilot-burnerairflowwasfoundas

Specificfuelconsumption.
calculatedas theratioofthe
thenetinternalthrust.Thus

.

where Fn,i,

Sfc=

“fjp
‘m

- Thespecificfuelconsumptionwas
enginefuelflowinpoundsperhourto

(Wf-e)(3600)

‘n,i

thenetinternalthrust,isgivenby

Fn,i= ~V6~(1 +f/a) +A6(p6‘pO) .:VO

(23)

By substitutingequation(24)intoequation(23]andrearranging,
equation(23)canbe expressedas

(24)

(25]
()+ (g)(3600)

Sfc = A6
V&#+f/a) ‘~h6 ‘Po) ‘Vo

ForthiscalculationWf,e/Wwasconsideredequivalentto f/a of
equation(8). Theexhaustgaseswereassumedtobe completelyexpanded

to atmosphericpressure.Therefore,thequantity%~g(’6 - po) is
zero. Cv wastskenas0.95.
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TheVelOCity V6 wasdeterminedas fol.lows:

‘6 ‘9M6a6

= ‘W@=
(26)

(27)

‘6 wasfoundas theMachnumberresultingfromidealexpansionthrough
thepressureratio P4/p0,where P4/powasdeterminedas follows:

P4 P2 P4PO
—=—— —

PoP2Po
(29)

P()

where @o wasassumedtobe 0.60(readilyobtainedinpraotice)for

allthedata.Theratio P4/P2 wasdeterminedby theexperimental
curvesofburnertotal-pressureratioversusfuel-airratio.-Theratio
Po/po was 36.7(aconstantcorrespondtigtofli@t ata ~ch-number
of3.0).

.

‘r

-.

ThetemperatureT6 -s dete~inedfrom To,thecombustoreffi-
ciency,anda curveoftemperatureriseversustheoreticalfuel-air
ratio.Thus,allthequantitiesinequation(28)aredetermined.

4-

.
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